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Abstract: 
Molecular dynamics simulations were used to explain the origin and properties of electrical 
double-layer capacitance in short graphene nanochannels with width below 2 nm. The results 
explain the previously reported experimental result on the non-monotonic dependence of the 
capacitance with the channel width. The mechanism for the anomalous increase of the capacitance 
in sub-1-nm in pore diameter is attributed here to the width-dependent radial location of 
counterions in the nanochannels, and the restricted number of co-ions. Decrease of the channel 
width lowers the number of co-ions and positions the counterions closer to the channel walls. For 
nanochannels with width ranging from 1 to 2 nm, co-ions are allowed to enter the nanochannel, 
and both types of ions assume alternating layered distributions leading to the decrease of the 
capacitance. Voltage is another control parameter which allows understanding capacitance in 
graphene nanochannels. As the voltage increases, due to limited space near the charged surface, 
more counterions need to be located in the center of the nanochannel resulting in further 
capacitance decrease.  
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Introduction  
As the availability of fossil fuels decreases, alternative energy sources, such as solar, wind and 
other renewable clean power, need to be exploited to satisfy society’s demand. Unfortunately, 
places abundant with such resources are usually far away from the human habitat. Thus, efficient 
energy storage devices are becoming crucial to resolve the shortage of energy. In the past decade, 
electric double layer capacitors (EDLCs) have been widely researched as a promising electric 
energy storage system, also named supercapacitors or ultracapacitors.
1-2
 They can store the charge 
at the electrode/electrolyte interface through revisable electrostatic adsorption of ions under a 
voltage applied on the electrodes.
3
 Cations from the electrolyte accumulate at the negatively 
charged surfaces, and anions at the positively charged ones. Both electrodes are usually highly 
porous to provide the largest possible access area to the ions.
4
 The electrolyte used to supply 
charged ions can be aqueous electrolytes,
5
 organic electrolytes,
6
 or ionic liquid
7-8
 each possessing 
a different upper limit for applied potentials and ionic mobility.
9
 Due to the high ionic mobility 
and purely physical adsorption to the charged surfaces, EDLCs have higher power density and 
more extraordinary durability than batteries,
10
 which allow them have broad application as 
portable energy storage devices, such as the power sources of hybrid electric vehicles and camera 
flash bulbs, which need huge transient currents.
11
 
However, the energy density of EDLCs is typically less than 10 Wh/kg,
12
 making it the primary 
limitation of the wide-scale usage of EDLCs. Because the capacitance on electrodes is 
proportional to the effective surface area that ions can approach
3
, the energy stored in EDLCs has 
a linear relationship with the surface area. In order to raise the energy density of the EDLCs, a 
variety of carbon-based materials with high specific surface area have been considered for 
electrode designs
13
, such as carbon nanotubes,
14-15
 graphene-based composites
16-18
, and other 
kinds of carbon based materials.
19-20
 Usually, pores smaller than the size of solvated electrolyte 
ions are recognized as incapable of contributing to charge storage.
21
 However, using 
carbide-derived carbon, Chmiola et al. discovered the double layer capacitance in an organic 
electrolyte showed anomalous increase with average pore size less than 1.0 nm, which is smaller 
than the size of the solvated ion. In a different experiment, the area normalized capacitance of 
activated carbon electrodes immersed in 6.0 M KOH solution has been found by Lota et al.
5
 to 
increase from 6.4μF/cm2 to 11.6μF/cm2 with the mean pore diameter decreasing from 14.5 to 
10.6 Å.  
Because the experiment can only provide the actual capacitance performance of electrodes 
immersed in electrolytes, the nanoscale characteristics at the electrode-electrolyte interfaces have 
widely been investigated by molecular dynamics (MD) simulation and other simulation methods
22
. 
The discovered mechanism of the capacitance variation with nanopore size is of great importance 
to facilitate the development of better-performance EDLCs. Similar anomalous increase of 
capacitance with decreasing nanopore size was also obtained by simulations. The specific 
capacitance normalized to the pore surface area is reported by Shim et al.
23
 to increase as the 
carbon nanotube diameter decreases from 2.0 nm to 0.9 nm in room temperature ionic liquid. Wu 
et al.
24
 found that the capacitance of slit-shaped nanopores in contact with ionic liquids increases 
with the pore width decreasing from 0.91 nm to 0.75 nm. Interestingly, supercapacitor capacitance 
exhibits oscillatory behavior with a decaying envelope as the nanopore size increases using 
classical density functional theory. Wu et al. thought it should be attributed to the interference of 
two electrical double layers near each slit wall. Additionally, the effects of electrode surface 
roughness,
25
 solvent,
6
 curvature of nanopore
26
 and the temperature
27
 on the capacitance of EDLCs 
have been well researched. The dynamics of the ions,
28
 ion distribution
23, 29
 and liquid structures
30
 
have also been studied to help explain the performance of EDLCs.  
In the theoretical aspect, the capacitance of EDL can be treated as the combination of the 
capacitance from two regions: the Stern layer capacitance and the diffusion region capacitance.
3
 
For a slit-shaped EDLC, its capacitance can be described by the new sandwich capacitance model 
raised by Feng et al.
12
 that considers the size of ions in the parallel-plate model. For the cylindrical 
nanopore EDLCs, the prediction of the capacitance is complex. Huang et al.
31
 took the curvature 
of the pore into consideration, and divided the capacitive behavior into two different types based 
on the size of nanopore. The electric double-cylinder capacitor model and electric wire-in-cylinder 
capacitor model are used to calculate the capacitance in the pores larger than 2 nm and smaller 
than 1 nm, respectively. 
Due to its higher ionic mobility, aqueous electrolytes have huge potential to improve the 
power density of the supercapacitors. Although this anomalous behavior of capacitance scaling 
has been ascribed to the distortion of the solvation shell of ions inside nanopores in organic 
electrolyte
21
, the underlying physics of the capacitance of microporous materials remains poorly 
understood, especially for aqueous electrolyte and when the pore size is between 1 and 2 nm. 
Some recent simulations investigated the ion and water distributions in slit-shaped nanopores 
using aqueous electrolyte. Feng et al.
12
 studied the distribution of K
+
 ions in electrified slit-shaped 
nanopores with size ranging from 9.36 to 14.7 Å using MD simulations. They found that the 
counterion distribution differs qualitatively from that described by Poisson-Boltzmann theory. 
However, in this work they didn’t take co-ions into consideration, which showed an important 
influence on the capacitance when the pore size smaller than 1 nm. Using MD simulation, the 
charge storage in 0.78 nm slit-shaped pores was investigated by Wu et al.
32
 Their results showed 
that with the increase of surface charge, the capacitance increased due to the removal of co-ions 
from the pore and entrance of counterions. When all co-ions are expelled from the pore, the 
capacitance reached a maximum. Kalluri et al.
33
 studied the partition and structure of aqueous 
NaCl electrolyte ~1.8 M in ionic strength in carbon-slit electrodes from 0.65 nm to 1.6 nm. They 
found that the maximum partition coefficient obtained at −0.15 C/m
2
 is 0.65nm for Na
+
 ions. 
However, the system they used was too small to consider two capacitors with different surface 
charges. The co-ion effect was almost fully inhibited due to the attraction reduced by the other 
oppositely charged electrodes. 
So, we conducted a MD simulation to investigate the ionic structure and capacitance in negatively 
charged graphene nanochannels immersed in aqueous NaCl solution. As previously reported, 
5
 
large ionic concentrations are needed to achieve higher energy densities of EDLCs, thus in our 
model the concentration we selected was 4.0 M to provide large number of Na
+
 ions. A 
bulk-nanochannel-bulk model was used and the system could reach electrical neutrality at its 
potential minimum through the free diffusion of the counter ions and co-ions. In the simulation 
model, the applied surface potential was conducted with a certain surface charge density. The 
natural ionic distributions which are not influenced by artificial neutrality can be obtained.  
Molecular dynamics model 
 
Fig. 1 Schematic diagram of the MD model. The dimensions of the system in x, y and z directions 
are 10.1, 2.84 and 5.0 nm, respectively. The channel length is 3.81 nm. 
The schematic diagram of the bulk-nanochannel-bulk model used in the simulations is 
exhibited in Fig. 1, which is assumed to be infinite in the y direction using periodic boundary 
conditions. There are a bulk and buffer regions on each side of the model. Outside the bulk region, 
there is a layer of sparse carbon atoms constructed as a solid boundary to the aqueous solution. 
The bulk region is filled with a predefined salt solution to provide enough ions and water 
molecules. The buffer region is used to judge whether the system achieves equilibrium. In our 
simulation, once the salt concentration in the buffer region is not changed with the simulation time 
and remains at a predefined concentration for a sufficient period of time, the system is believed to 
reach equilibrium. The following simulations are used to get the final results. The middle part of 
the model is the nanochannel that we want to simulate and where get the final results from. Both 
the upper and the bottom solid walls are composed of a single graphene layer. During the 
simulation the wall atoms are frozen without thermal vibration. The surface charge density is set 
by uniformly distributing a certain number of charges to the carbon atoms in the graphene layers. 
Eight nanochannels with different width were selected to be investigated. The widths were 1.75, 
1.5, 1.25, 1.125, 1.0, 0.875, 0.75 and 0.5 nm. 
In the simulations, the surface charge density was set as −0.15 C/m
2
. At the beginning of each 
simulation, pure water was placed in the regions adjacent to the channel openings, marked as 
buffer in Fig. 1, and in the channel; the bulk regions were filled with 4.0 M NaCl. 
34
 Once the 
simulation started, ions would diffuse from the bulk regions to the nanochannel until the 
concentration gradients disappeared. The concentration gradients were evaluated from the buffer 
regions. Before the system reached equilibrium, the solution in the two bulk regions was replaced 
periodically to assure its concentration. With two bulk regions, more ions could be supplied, 
allowing the system to reach equilibrium much faster. In all cases, the water molecules and ions 
numbers are listed in Table 1. 
 
Table 1. The numbers of the water molecules and ions in the MD systems. 
channel width (nm) number of water molecules number of Na
+
 ions number of Cl
−
 ions 
1.75 3468 244 224 
1.5 3337 237 217 
1.25 3241 231 211 
1.125 3218 219 199 
1.0 3131 229 209 
0.875 3112 215 195 
0.75 3022 213 193 
0.5 2887 210 190 
 
Our simulations were conducted using the codes developed by our lab.
34-36
 In the simulations, 
the TIP4P model
37
 was selected to simulate the water molecules and the SETTLE algorithm
38
 was 
chosen to maintain the water geometry. The Lennard-Jones (LJ) potential was used to describe the 
interactions between different atoms, except hydrogen-X pairs (X is the atom species in the 
system) and carbon-carbon pairs. The parameters of simulations were taken from ref.39. The 
electrostatic interactions among ions, water molecules and surfaces charges were modeled by the 
Ewald summation algorithm.
40
 The motion equations were integrated by the leap-frog algorithm 
with time step of 2.0 fs. The solution system was maintained at 298 K by Berendesen thermostat.
41
 
The cut-off used for the short range interaction is 1.2 nm, and the relaxation time of the thermostat 
is 100 fs. The first run lasting 8 ns was used to equilibrate the system. Another 6-ns-long run 
followed to gather the statistical quantities.  
Results and discussions 
The counterion and co-ion distributions perpendicular to the surfaces that obtained from graphene 
nanochannels with different widths are plotted in Fig. 2. We can find that the counterions and 
co-ions show an alternating layer distribution when the channel width larger than 1nm, which is 
similar to the results in organic solutions.
7
 Comparing the three cases of 1.25, 1.5 and 1.75 nm, the 
peak locations of ions seems stable. Na
+
 ions mainly accumulate in a layer located at 0.46 nm 
away from the surfaces and its first peak appears at 0.27 nm, which is close to the hydration 
radius
42
 of the Na
+
 ions and affected by the hydrophobic property of the surface.
43
 As the width of 
the channel decreases, the numbers of Na
+
 and Cl− ion aggregation peaks shrink. When the pore 
size is 1.25 nm, there are only two accumulation Na
+
 ion layers, located near both the channel 
surfaces due to the increased constriction in the nanochannel. Because of the electrostatic 
repulsion provided by the surface charges, Cl− ions can only appear in the region farther than 0.63 
nm away from the surface where the surface potential has been nearly screened by the Na
+
 ions. 
Therein this region, Cl− ion concentration increases rapidly and exceeds that of Na
+
 ion, which 
causes the so-called charge inversion
44-45
 that cannot be explained by the mean field theory 
Poisson-Boltzmann equation.
46
 In the case of 1.75 nm high channel, the concentration of Cl− ions 
exceeds that of Na
+
 ions three times. As the channel width decreases, it becomes harder for Cl− 
ions to enter the channels, becoming nearly impossible when the channel width drops to 1.125 nm. 
When the pore size dips below 1 nm, Cl− ions can hardly enter the pore. The channel can only 
accommodate Na
+
 ions, which mainly locate in the first accumulation layer near the surface as the 
pore gets smaller. This is caused by the disappearance of the oscillatory water distribution
47
 
between both hydrophobic graphene walls that keeps Na
+
 ions far away from the surfaces. The 
variation of counterion distribution in our work is different from other MD simulation results.
12, 48
 
In our MD model, the simulated systems reach electric neutrality
33
 through the free diffusion of 
the cations and anions without any artificial effects. So, the obtained ion distributions can reflect 
the practical physical model with channel size in nanoscale.  
   
 Fig. 2 The ion distributions in the nanochannels with width from 1.75 nm to 0.5 nm. The surface 
charge densities in the eight MD models are the same as −0.15C/m
2
. 
 
The alternating layer distribution of cations and anions in organic electrolyte near uniformly 
charged surface is mainly due to the appearance of charge inversion affected by the large volume 
of the ions.
49
 However, in aqueous solution, the ions are usually so small that charge inversion 
rarely occurs near a uniformly charged surface. In our case, due to the restricted space in 
nanochannels, the confinement is much stronger. In addition to the interface effect, the aggregated 
water molecules in specific layers have huge influence on the locations of the counterion peaks, 
which mainly appear in the valleys of water distributions (Fig.S1).
48, 50
 
  During the simulation process, Cl
−
 ions mainly accumulated in the center of the nanopores, 
where they were not strongly influenced by the surface charges and had more hydrated water 
molecules. With the decrease of the pore size, the space that Cl− ions can reach is compressed, 
which leads to less and less Cl− ions entering the pore. In Fig.3, the numbers of ions and the 
percentage P of the Na
+
 ion in the nanochannels with different width are shown: /
Na
P N N  
where, 
Na
N  is the number of Na
+
 ions and N is the total number of ions in the channel regions. 
In the 1.75 nm case, there is enough space to accommodate many ions. Thus, the percentage of 
Na
+
 ions is about 60%, a little larger than 50%. With the decrease of the pore size, it is much 
harder for Cl− ions to enter the nanochannels. The percentage of Na
+
 ions shows almost a 
nonlinear increase and reaches its maximum 100% in the 0.875 nm width channel. When the 
width was dropped to 0.4 nm, both cations and anions hardly entered the pore. 
 
 Fig. 3 (a)The numbers of ions in the charged and neutral channels with different widths. (b)The 
percent composition of Na
+
 ions in the charged and neutral nanochannels with different widths. 
 
The coordination numbers of Na
+
 ions
28
 were analyzed to explore their hydration performance in 
the nanochannels. In Fig. 4 (a) the average coordination numbers in the channels with different 
sizes are exhibited. It is found the average coordination numbers in the first hydrated shell of ions 
(0.35 nm) in the nanochannels with width from 1.75 nm to 0.875 nm are nearly the same, about 6 
water molecules.
28
 The width has little influence on the hydration performance of ions confined in 
nanochannels. This is mainly because the largest accumulating layer counter ions that have the 
same hydration performance in different high channels take the predominate part in amount. 
However, when the width reduces further, the hydration number of Na
+
 ions decreases sharply, 
which is caused by the destruction of the oscillatory water layers confined between the channel 
surfaces (Fig.S2). The coordination number distributions with distance from the surface are 
described in Fig. 4(b). The counterions in the center of the channels usually have more water 
molecules nearby, which can also provide a hindrance for their approaching to the surface. The 
coordination number in the bulk solution is 6.88. 
  
Fig. 4 (a) The number of hydrated water per ion in the nanochannels with different widths. (b) The 
hydrated water number distributions of Na
+
 ions perpendicular to the surface. Note that the 
asymmetry for the smallest channel might stem from limited number of water and ions in the 
channel.  
  Based on the ion distributions in the nanochannels with different widths, the surface potentials 
were calculated.
51
 Then using the equation  0/C     ,
52-53
 the capacitance was obtained 
(Table S1 and S2), where σ is the surface charge density, φ is the charged surface potential, and φ0 
is the surface potential when the surface is uncharged. The surface potentials of uncharged 
graphene walls were obtained from the ion distributions in neutral systems. The obtained 
capacitances with channel width are exhibited in Fig. 5(a), which is very close to the experimental 
data
5
 with corresponding pore sizes. The theory prediction is based on the double layer 
capacitance when the width is larger than 1 nm using 0rC
d a
 


, while that of sub-1 nm 
nanochannels are obtained from the equation 
 
0
/ 2
rC
H a
 


 in ref.12. In the equations, C is 
the capacitance, ε0 the permittivity of a vacuum, d is the location of the main accumulating layer of 
ions, and H is the width of the nanochannel, as well as a=0.095 nm
46
, εr=3.33
12
 are used as the 
radius of the bare ions and the electrolyte dielectric constant, respectively. It is found that our MD 
simulation data agreed well with the theoretical prediction in the sub-1 nm nanochannels. As the 
pore size decreases, the capacitance of the EDL increases due to the nearer proximity of the 
counterion layers. With the continual decrease of the pore size, the hydrated ions may have larger 
size than the pore. Once the nanopore is reduced too small to accommodate the counterions, the 
capacitance will decrease with the continued decrease of the pore size due to the difficulty for Na
+
 
ion access. So, it is predicted that, the capacitance of the EDL can reach its maximum for a 
nanopore with a certain size. In the channels with width from 1.125 nm and 1.75 nm, the predicted 
capacitance is constant due to the stable structure of Na
+
 accumulated layers. However, the MD 
simulation results show a different trend from the theoretical prediction, which indicates a 
reduction in capacitance as channel width decreases from 1.75 to 1.125 nm. We think the character 
of EDLCs in aqueous electrolyte is mainly due to the net ionic charge in the nanochannel, which 
also has close relationship with the ion structure. Usually, the co-ions in nanochannels
32
 are 
neglected in the earlier works
12, 33
. From the alternative layer distribution of the counterions and 
co-ions shown in Fig.2, the charge inversion becomes more obvious as the channel width shrinks 
from 1.75 nm to 1.25 nm. So, the corresponding capacitance shows a decrease trend. 
In a negatively charged nanochannel, the energy is stored by the accumulation of counterions. 
Fig. 5(b) shows the ratio of the net ionic charges to the channel width. With the channel width 
shrinking, this ratio increases, which means the porous electrodes with smaller pore size can 
accommodate more counterions, not only due to the enhancing surface area but also due to the 
smaller occupying space of counterions. In our case, if the graphene electrodes have uniform 
nanochannels with 0.5 nm in width, they should have the largest energy density. 
  
Fig. 5(a) The comparison between the capacitance obtained from MD simulations with theoretical 
prediction. (Table S1) (b) The ratio of the net ionic charges to the channel width. The net ionic 
charge is obtained by subtracting the number of Cl
−
 ion from that of Na+ ion in the channels with 
different widths. 
In Fig.2, as the channel width decrease from 1.0 nm to 0.875 nm, the counterions appear to 
approach the surfaces. In order to figure out the reason for this phenomenon, another four cases 
with the same width but different surface charge densities from −0.05 to −0.125 C/m
2
 were 
studied. The ion distributions and capacitance are shown in Fig.6 and Fig. 7, respectively. 
From Fig. 6(a), Cl
−
 ions can hardly enter the channels and Na
+
 ions show layering structure. 
The number of Na
+
 ions increases linearly with surface charge density shown in Fig. 6(b). When 
the graphene walls were charged at −0.05 C/m
2
, two Na
+
 ion layers with small peak appear at 0.3 
nm away from each wall surface. As the surface charge density increases, much more counterions 
are attracted in the nanochannels to screen the surface charges. The peaks of the first accumulated 
layers near each wall surface become larger and saturate as the surface charge density high enough.  
Due to the limited space in the channels, many counterions cannot approach the surface, but 
remain in the center of the channels. It can be found from Fig.6(a), when the surface charge 
density reaches −0.1 C/m
2
, many Na
+
 ions accumulated in the channel center and formed another 
counterion layer. This layer eventually becomes the main counterion accumulation peak when the 
surface charge density increases to −0.15 C/m
2
. 
 
 
 
Fig. 6(a) Ion distributions in the nanochannels with surface charge density from −0.05 to −
0.15C/m
2
 with 0.875 nm in width. (b)The numbers of ions in the nanochannels with different 
surface charge densities. 
The capacitance performance of the graphene nanochannels with the same width but different 
surface charge densities is shown in Fig.7. With the surface charge density increasing, the 
capacitance decreases which shows the same trend as other works.
25
. From the ion distributions in 
Fig. 6(a), we think this may be caused by the farther main location of the counterions. When the 
surface charge density becomes higher, the main counterions preferred to aggregate in the center 
of the nanochannels i.e. farther away from the surfaces due to the limited space near the surface. 
Because the effective distance between the charged surface and the main location of counterions 
increases and the surface charges cannot be screened so well compared to that in weakly charged 
channels, the capacitance decreases as the surface charge density increases. 
 
 
Fig. 7 The capacitance obtained from 0.875 nm nanochannels with different surface charge 
densities. (Table S2) 
Conclusion 
Electrical double layer capacitors have attracted a great deal of interest and the efforts have 
been focused on increasing their energy density. Because the EDLC energy density is directly 
correlated with the area normalized capacitance, it is of great importance to study the performance 
of nanoporous capacitors with sizes smaller than 2 nm i.e. the approximate diameter of the 
solvated ions. Through MD simulation, we showed that the EDLCs capacitance shows a 
non-trivial dependence on the nanochannel width with the largest capacitance for 0.5 nm. From 
the obtained distributions of ions and water in the nanochannels with size larger than 1 nm, we 
found that the performance of the EDLCs is mainly determined by the amount of co-ions, which 
control the degree of charge inversion at the solid-liquid interfaces. As the channel size decreases 
below 1 nm, no co-ions are able to enter the channels and the capacitance increases due to 
proximity of counterions to the charged surfaces. We concluded and proposed here that a nanopore 
with the size that can only accommodate the counterions will reach the maximum capacitance 
and highest energy density. Our results therefore provide guidelines to the experimental groups to 
prepare nanochannel system which is perfectly ion selective. It is indeed possible that other factors, 
e.g. interactions between dipole moment of a solvent and ions in a solution might lead to more 
complex dependence of capacitance as recently shown in ref. 54. Our future studies will include 
more parameters, such as solvent dipole moment and type of ions for the capacitance performance 
of the nanochannel. 
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